Radionuclides released to the environment and deposited with or onto snow can be stored over long time periods if ambient temperature stays low, particularly in glaciated areas or high alpine sites. The radionuclides will be accumulated in the snowpack during the winter unless meltwater runoff at the snow base occurs. They will be released to surface waters within short time during snowmelt in spring. In two experiments under controlled melting conditions of snow in the laboratory, radionuclide migration and runoff during melt-freeze-cycles were examined. The distribution of Cs-134 and Sr-85 tracers in homogeneous snow columns and their fractionation and potential preferential elution in the first meltwater portions were determined. Transport was associated with the percolation of meltwater at ambient temperatures above 0°C after the snowpack became ripe. Mean migration velocities in the pack were examined for both nuclides to about 0.5 cm hr −1 after one diurnal melt-freeze-cycle at ambient temperatures of −2 to 4°C. Meltwater fluxes were calculated with a median of 1.68 cm hr −1 . Highly contaminated portions of meltwater with concentration factors between 5 and 10 against initial bulk concentrations in the snowpack were released as ionic pulse with the first meltwater. Neither for caesium nor strontium preferential elution was observed. After recurrent simulated day-night-cycles (−2 to 4°C), 80% of both radionuclides was released with the first 20% of snowmelt within 4 days. 50% of Cs-134 and Sr-85 were already set free after 24 hr. Snowmelt contained highest specific activities when the melt rate was lowest during the freeze-cycles due to concentration processes in remaining liquids, enhanced by the melt-freeze-cycling. This implies for natural snowpack after significant radionuclide releases, that long-time accumulation of radionuclides in the snow during frost periods, followed by an onset of steady meltwater runoff at low melt rates, will cause the most pronounced removal of the contaminants from the snow cover. This scenario represents the worst case of impact on water quality and radiation exposure in aquatic environments.
| INTRODUCTION
Many high latitudinal and high altitudinal regions of the world are covered with snow for several months in the year and are hydrologically dominated by seasonal snowmelt. Snow scavenging is proven to be a highly efficient process for radionuclide washout from the atmosphere (Ebert et al., 1998; Kyrö et al., 2009; Laakso et al., 2003; Papastefanou, 2006; Tschiersch, 2001) . Areas affected by snowfall after the accident at Fukushima-Daiichi were notably contaminated by radioactive fallout (e.g., Saito, Shimbori, & Draxler, et al., 2015) . Once deposited in the snowpack, either by dry or by wet deposition, the contaminants will be enriched in the snowpack by partial snowmelt, evaporation, and sublimation, unless temperatures are below freezing point and no meltwater runoff occurs. They can be stored over long time periods accounting for delayed release. Metamorphic processes and recrystallisation during the accumulation and ablation season tend to exclude ions from the interior of the snow grains (Hewitt, Cragin, & Colbeck, 1991) , make them available for elution and produce increased concentrations in the base layers of a ripe snowpack (Cadle, Muhlbaier Dasch, & Grossnickle, 1984) . This can lead to a release of large amounts of radionuclides to soils and aquatic environments within short time periods after the beginning of snowmelt. Typically, the first 20-30% of meltwater contains up to 10-fold higher ion concentrations than bulk concentrations in the snowpack (e.g., Bales, Davis, & Stanley, 1989; Bales, Davis, & Williams, 1993; Berg, 1992; Colbeck, 1981; Johannessen & Hendrikson, 1978; Marsh & Pomeroy, 1993; Tsiouris, Vincent, Davies, & Brimblecombe, 1985) and beside fractionation preferential elution is observed for less soluble anions like SO 4 2− and NO 3 − compared to soluble species like Cl − or Na + (e.g., Brimblecombe, Clegg, Davies, Shooter, & Tranter, 1987; Cragin, Hewitt, & Colbeck, 1993 Eichler, Schwikowski, & Gäggeler, 2001; Hewitt et al., 1991) . The initial distribution of the ions in the crystals as nuclei or in the outer spaces due to scavenging by falling flakes controls the preferential elution of certain ions, as there is a delay in their exclusion from the crystals because of snow metamorphism. Melt-freeze-cycles are proven to be responsible for contaminant enrichment in the lowermost snow layers as well as ionic pulses in the first snowmelt fractions (Bales et al., 1993; Colbeck, 1981; Davis, Petersen, & Bales, 1995; Johannessen, Dale, Gjessing, Hendrikson, & Wright, 1977) .
More recent studies consider additional influences such as basal ice formation (Lilbaek & Pomeroy, 2007) , traces of historical anthropogenic influences preserved in ice cores (Moore, Grinsted, Kekonen, & Pohjola, 2005; Pohjola et al., 2002) , or the influence of microbial activity (Campbell, Mitchell, Mayer, Groffman, & Christenson, 2007;  Larose, Dommergue, & Vogel 2013) on mass transfers. The mentioned studies mostly deal with homogeneously distributed anions and cations in the snowpack. In the case of nuclear fallout, a single deposition event must be assumed, expressed in the development of a concentrated layer of contaminated snow. Bales et al. (1989 Bales et al. ( , 1993 and Davis et al. (1995) observed the distribution of different ions added as "single event layers" to the surfaces and mid-depths of homogeneous laboratory and field snowpack. Eluted concentrations were inversely related to melt rates during the melt-freeze-cycles, and strongly depend on the initial distribution in the snowpack in terms of a faster removal of the ions added to the surface. Investigations on the transport of radionuclides in snowpack are sparse. Vakulovskii, Novitskii, Mazurin, Tertyshnik, and Khachaturova et al. (2007) measured runoff fractions of Cs-137 traced snow covered soil monoliths after snowmelt. They measured only small concentrations due to strong sorption of the radiocaesium to the soil particles.
The knowledge of the behaviour, transport, and release patterns of radionuclides in a snowpack is quite important for the prognosis of the impact on aquatic environments as well as the extent of radiation exposure to humans. The influences of snow and ambient parameters are so manifold that there is a need of supplementary experiments under controlled laboratory conditions to better understand the general processes of vertical radionuclide migration in snowpack. Therefore, the aim of this study is to quantify Cs-134 and Sr-85 transport in homogeneous snow columns, potential nuclidespecific preferential elution, and fractionation in snowmelt, influenced by simulated diurnal melt-freeze-cycles under controlled laboratory conditions. The results will help to understand the downward migration of radionuclides through melting snowpack and the timedependent release to meltwater and soils. In the case of a radionuclide release to the environment, their distribution in natural snowpack and the temperature-dependent time-delay of release and fractionation to snowmelt will affect the potential radiation exposure of people staying in contaminated areas and consuming affected waters. Compression of the snow during collection, transport, and storage was tried to avoid. Some snow metamorphism particularly at the grain surfaces inevitably took place during transport and particularly during storage and preparation of the snow columns. The raw material for the experiments was damp, old snow with clustered rounded grains that varied from 1 to 2 mm in diameter. This was primarily expressed in resultant snow densities >350 kg m −3 , typical for wind-packed snow or firn (Cuffey & Paterson, 2010) and definitely representative for altered snowpack, prevalent on Mt. Zugspitze at the end of a snow season. A number of snow parameters according to Fierz et al. (2009) were determined when filling the columns, for example, crystal shapes and sizes, snow hardness, and estimated liquid water contents (Table 1) .
The experiments at variable ambient temperatures were carried out in a modified freezer that allowed the variation of temperatures from −20 to +10°C in steps of 1°C. At the beginning of each experiment, the snow was softly crushed, homogenised, and sieved into the columns using an 8 mm textile mesh while they were stored in an opened chest freezer. Crushing and sieving were necessary to disaggregate sintered snow grain clusters in order to achieve a uniform However, the temperature log during the experiments proved that these temperature increases had only minor influence on the temperatures inside the snowpack. This can be ascribed to the good isolating capacity of snow. The production of meltwater was not affected by these short-term temperature changes.
| Choice of radionuclides
Cs-137 and Sr-90 are relevant radionuclides emitted to the environment in cases of nuclear accidents. To reduce the consequences of potential contamination, we chose the related short-lived isotopes Cs-134 (T 1/2 = 2 a) and Sr-85 (T 1/2 = 65 days)
for the experiments. Additionally, they have the advantage of being easily detectable by gamma spectrometry with only minor sample pretreatment. A parent solution with known activities of both nuclides under addition of concentrated nitric acid (pH = 2) was freshly prepared for each experiment. The nitrate form was chosen to simulate typical naturally occurring forms of both nuclides in precipitation (Freyer, 1978) . The E2 lasted 85 days to cover the whole time span until the entire snow core was melted. This followed the question, if contaminants were fixed in the residual ice grains with remaining impurities up to final snowmelt. The applied temperature course over time is given in Figure 2 . Some modifications were made during the experiment, necessary for improving the time management of the long-term experiment. Sampling of snowmelt was carried out in variable time increments related to the amount of water available.
Primary 30 min sampling intervals extended to daily ones and longer because of the strong decrease of melting rates at the end of the experiment.
The activities of Cs-134 and Sr-85 in the meltwater and residue were examined by gamma spectrometry. For sample, preparation snow was melted, and radionuclides in snow and meltwater were concentrated by evaporation on a heating plate at maximum 80°C to yield a measurable amount of water, which was filled in 250 ml polyethylene beakers, efficiency calibrated for gamma-spectrometry measurements. . To calculate the value for the intrinsic permeability k w , we assumed the effective saturation S* Some simplified assumptions had to be made. The initial height of FIGURE 2 Temperature program of E2. The ambient temperatures were changed from −2°C during the nights to 4°C at daytime to simulate meltfreeze-cycles the snow surface was used for the calculations, which means a shrinking of the heights due to settling or melting was neglected. The measured activities for each layer were applied to the lowermost point of it, and they were assumed to be uniform in the layers. As consequence a maximum value was calculated for the migration depth. 
with Δt being the passed time after experiment begin.
| RESULTS AND DISCUSSION

| Experiment E1 (24 hr)
In the 24-hr experiment, (E1, one day-night-cycle) snow temperatures for Sr-85 for the whole experiment duration. It was assumed that they probably were higher during the daytime at 4°C and smaller during the following night at ambient temperatures of −2°C. At the end of the experiment, a large amount of liquid water reached the lowermost snow layers, but nuclide migration was restricted to the uppermost half of the snow column, as proven by the calculated meltwater fluxes and the distribution of the radionuclide concentrations. Because ion chromatographic effects and retardation of solutes to snow grains do not take place in clean snowpack (Eichler et al., 2001; Hewitt, Cragin, & Colbeck, 1989) , the retention of the nuclides in the uppermost layer must be mainly attributed to freezing, encrustation, and fixation of the ions in an immobile water phase surrounding the newly grown ice crystals or to enrichments in sealed pore spaces during the night cycle (Colbeck, 1976) . Through recrystallisation, latent heat was given off to FIGURE 3 Snow water equivalents, densities, and distribution of Cs-134-and Sr-85-activities detected by high purity germanium detector gamma spectrometry in the residual snowpack at the end of the 24-hr-day-night-cycle experiment (E1). The error bars represent the uncertainties of the calculated gamma activities ambient air and thus pores were sealed, melting was disabled, nuclides were retained, and migration rates decreased. Concentrations in accumulated liquid water were higher because of enhanced graingrowth and grain-boundary migration. These processes caused segregation of the radionuclides, which are not readily incorporated into the crystals, because they were subsequently added to the snowpack and did not act as nucleus during crystal growth or have been scavenged by the flakes during their fall. Thus, concentrations on the grain surfaces have been made easily removable by percolating water with the propagating water flux at restart of snowmelt and so did accumulations of radionuclides in the remaining liquids in the pores after refreezing. This is why a rapid downward movement of the radionuclides was expected after another melt cycle.
The relatively high meltwater fluxes during the melt period might have produced preferential flow paths. As water moved through such flow fingers in the pack, many snow grains could have been bypassed, retained their solute load (Bales et al., 1993) and therefore could have contributed to the still high radionuclide concentrations of the uppermost snow layer.
| Experiment E2 (85 d)
The snow in 20 cm depth possessed a constant temperature of on average −0.2°C after 60 hr, indicating a ripe snowpack. As metamorphism took place, the surface area per volume of snow decreased to increase the hydraulic conductivity. Meltwater runoff started 32 hr after the beginning of the experiment. Initially, much time was needed to meet the thermal requirements of the snow column for raising the temperature to melt point as well as for the travelling of meltwater through the snowpack. Maximum melt rates exceeded 1.59 mm hr −1 within the first sample, which are comparable to spring values from natural snow, as own continuous recordings during 2 years with an electronic snow scale on Mount Zugspitze showed. The melt rate decreased with increasing experiment duration and daily maximum already more than halved after eight days ( Figure 5 ). Maximum discharge generally occurred at the end of the warming phase and was followed by a period of decreased discharge that lasted into the following day. During the night before day 19 (10-11 kg of snowmelt runoff), the ambient temperature in the chamber was inadvertently set to 0°C instead of −2°C and led to higher melt rates at day 19. This already shows the sensitivity of the runoff phenomena. Runoff during the nights totally stopped from the ninth cycle onwards. The supply of newly produced meltwater did not exceed the limit of water storage capacity in the basal snow layer during the nights to induce runoff. Liquid water was fixed in recrystallised ice-grain clusters. Snowmelt runoff summed up to 86% of initial SWE. That means 14% of SWE were lost because of sublimation and evaporation. Natural amounts of seasonal sublimation are given in the literature with, for example, 15% of the seasonal water budget in the Rocky Mountains (Hood, Williams, & Cline, 1999) or approximately 7% of ground sublimation in the German Alps (Strasser, Bernhardt, Weber, Liston, & Mauser, 2008) . Increased values can be attributed to the limitations of the laboratory experiments because of the use of the freezer with the strong ventilation system to recool the chamber (see Section 2.1).
From the total activity deposited on the snow column, 96% of each radionuclide was recaptured in the snowmelt. A concentration factor C f was introduced for rapid visualisation of the degree of radionuclide enrichment in the meltwater runoff. C f is the ratio of the specific activities measured in the meltwater divided by the initial bulk concentration in the snowpack. In the first runoff, fractions C f amounted to 5-10 for both nuclides with a peak during the night, 14 hr after the first meltwater collection. This process is described as ionic pulse in the literature (Colbeck, 1981; Johannessen & Hendrikson, 1978) . Smaller ionic pulses could be seen for the following melt periods. Concentration factors of up to 10 or even higher were also proven by, for example, Bales et al. (1989) , Berg (1992 ) or Cadle et al. (1984 . Fifty percent of the added activity of Cs-134 and Sr-85
were released to snowmelt exactly 24 hr after the first runoff was collected, in the afternoon of the third experiment day when 7% of meltwater were obtained ( Figure 6 ). The specific activity of both nuclides decreased within the first 8 days to a negligible value of <0.02 Bq per gram meltwater. Figure 6 shows the initial almost linear increase of melt rate in contrast to the exponential increase of cumulated radioactivity. A plateau in curvature at about 92% of activity was already reached after the first 2 weeks of the experiment;
and after that, no differences in meltwater concentrations were observed between day-and night-samples anymore. Ninety-nine percent of the total radioactivity had been determined after 23 days, more than 80% were already lost 4 days after initial runoff within the first 20% of meltwater. Similar values are also reported for ion transport in laboratory (Bales et al., 1989) and natural snowpack in Northern Michigan, USA (Cadle et al., 1984) . Differences in the elution of Cs-134 and Sr-85 were not observed. Cs and Sr are easily soluble cations, which behave chemically similar. Therefore, a fractionation for
Cumulated distribution of Cs-134-(solid lines) and Sr-85-activities (dotted lines) in the snow column of E1 after 24 hr. The mean migration depth corresponds to the intercept with the dashed line at 50% activity. For the calculation of mean migration velocities (labels above lines) according to Schimmack and Schultz (2006) , the linear slope and axis intercept of the measurement points that comprise an activity concentration of 50% were determined FIGURE 5 Melt rate and concentration factor of Cs-134 and Sr-85 (ratio of specific activities in the meltwater and in initial bulk snow) of the 85-days-melt-freeze-cycle-experiment. Continuous anticyclical diurnal variations can be observed between melt rate and specific activities. The error bars represent the uncertainties of the calculated gamma activities FIGURE 6 Cumulated amounts of meltwater and Cs-134-and Sr-85-activities in the snowmelt of the 85-days-melt-freeze-cycle-experiment. After 24 days approximately 60% of snow was melted that included more than 95% of deposited radionuclides these species could not be expected. Additionally, the added solution did not really contribute to metamorphism processes of the snow and stayed at the grain surfaces, where they were easily removable by the first meltwater. Nevertheless, such kind of deposition represents realistic conditions as can occur for radionuclide dry or slight wet deposition scenarios on altered snow after nuclear releases. A fixation of contaminants to residual ice grains up to final snowmelt did not take place, indicating that the snow did not show chromatographic properties. This was already stated by Eichler et al. (2001) and Hewitt et al. (1989) .
During the night cycles, when melt rates reached their minimum, specific activities increased in the runoff again ( Figure 5 ). They showed their maxima in the early mornings when meltwater production was lowest. Melt rate and specific activities followed an anticyclical diurnal trend. During the nights, melt rates decreased because of refreezing. Ice grain growth and grain boundary migration caused segregation of the radionuclides during the recrystallisation process.
High concentrations were present at the grain surfaces and in the spaces between them and were therefore easily leachable with the next meltwater wave (Bales et al., 1989; Berg, 1992; Cragin et al., 1996; Harrington, Bales, & Wagnon, 1996; Hewitt et al., 1991) . Residual percolating meltwater during the freeze cycles contained high portions of Cs-134 and Sr-85 because the low transport velocities provided enough time for a strong concentration of the nuclides in the remaining water. Additionally, freezing of the surface removed the source of dilute meltwater, so that more concentrated meltwater could contribute a relatively higher proportion of snowmelt runoff as discharge decreased in volume. A new peak of enriched specific activities to be released after reset of runoff was produced. As melting progressed during the days, there was a gradual decrease in average daily concentrations due to dilution of depleted water flowing through developed preferred pore channels (flow fingers) from the top of the snowpack. When the tracer was removed from the outer parts of the snow grains, concentrations declined, maintained by dilute water supply from the leached snow grains at the surface of the pack (Harrington et al., 1996) .
| Implications for natural snowpack
In snowpack that are exposed to ambient temperatures below the freezing point for a long time, for example, at high altitudinal sites, no radionuclide release takes place as long as the snowpack reaches an isothermal stage at 0°C and meltwater is produced. Much time is needed first to raise the snow temperature to the melting point and for the radionuclides to travel downwards in the snowpack. Runoff will be initiated only after the basal snow layer is fully water saturated, and the weight of liquid water exceeds the amount of water that can be held by the pores.
The transport of radionuclides inside the snowpack follows the wetting front, but is delayed by refreezing during frost periods.
Depending on the ambient parameters and the duration of the melt cycles, downward transport of contaminants in the snowpack occurs with different velocities. Recurrent melt-freeze-cycles, as proven in E2, tend to concentrate impurities on the grain surfaces and therefore enhance the downward transport of radionuclides. The duration and intensity relative to the snow depth control the transfer process. The related development of highly concentrated basal snow layers results in the release of the contaminants as an ionic pulse with the first meltwater runoff. These pulses were determined to be up to the 10-fold enriched with Cs-and Sr-activity concentrations related to the bulk snow under given ambient conditions. In the experiment E2, 80% of the radionuclide content of the snowpack were already released with the first 20% of meltwater within 4 days.
For the case of a release of radionuclides to the environment and their deposition on top of a snowpack, it can be concluded that radionuclide transport only takes place at ambient temperatures above 0°C.
Strong snowmelt periods and melt-freeze-cycles will enhance a fast migration to the lowermost snow layers and produce high ionic pulses in the first meltwater runoff fractions. The worst case scenario for the environment after radionuclide release and deposition on a snow cover are melt-freeze-cycles followed by slight steady snowmelt. This causes slow melting with small flow rates that concentrate the radionuclides at the base of a snowpack and result in the discharge of highly radioactively enriched portions of meltwater over a long time period that can have a severe impact on water quality in aquatic environments and even drinking water reservoirs. Such scenarios can provide major radiation exposures and health risks for humans.
From the experiments, consequences relating possible decontamination strategies can be derived. Especially for sealed urban areas, snow removal after radioactive fallout can be a suitable procedure, as long as under subfreezing temperatures radionuclide migration is limited. Even after temperature rises during the beginning melt phase, room for action is still given, because time is initially needed to raise the snow temperatures to melt points until snowmelt runoff is initiated.
However, in this study, only the simplest case of radionuclide transport in a homogeneous snowpack and a deposition directly before the onset of snowmelt were considered. Natural snowpack have a more heterogeneous composition and may contain layers that impede a downward transport of contaminants. This makes meltwater and solute transport much more complex. It has to be taken into account that deposition can also occur during snowfall or is followed by a period of clean snowfall. For a better understanding of detailed transport processes, a convection-dispersion-model should be taken into account and more information about mesoscale and microscale snow texture after the experiment is necessary. But snow metamorphism and transient conditions due to changing ambient conditions make a simulation quite complex. For a general process understanding of radionuclide transport in natural snowpack, further experiments are necessary, ideally supported by numerical simulations with complex transport models.
| CONCLUSIONS
The experiments showed that the migration in snow of deposited Cs-134 and Sr-85 onto a snow surface is strongly influenced by ambient air temperature and enhanced by recurrent melt-freeze-cycles.
After one diurnal cycle at 4°C at daytime and −2°C during the night, 45% of both nuclides were still fixed in the uppermost snow layer.
Meltwater fluxes were determined with 1.68 cm hr −1 ; radionuclide velocities were estimated to be approximately 0.5 cm hr −1
. Missing information about changing pore spaces during the experiments prevents the calculation of directly comparable fluxes for the meltwater and radionuclide transport. Nevertheless, recurrent melt-freeze-cycles revealed a rapid removal of radionuclides with the first meltwater and enhanced a fast downward transport into the lowermost snow layers. Eighty percent of both nuclides were removed within the first 20% of meltwater within 4 days, which led to an ionic pulse in the meltwater, expressed in a concentration factor of 5-10 compared to initial bulk concentration in the snow. Melt rates and specific activities followed an anticyclical diurnal trend. During the nights, melt rates decreased because of refreezing. Ice grain growth
and grain boundary migration caused segregation of the radionuclides during the recrystallisation process, concentrated them on the grain surfaces or in pore spaces and made them easily available for leaching with the next wave of infiltrating meltwater. Preferential elution was not observed. Long-time accumulation of radionuclides in natural snowpack during frost periods after significant radionuclide releases was followed by an onset of meltwater runoff at low melt rates. The first runoff causes the most pronounced removal of the contaminants from the snow cover. It represents the worst case of impact on water quality in aquatic environments and radiation exposure to humans.
